SUMMARY The aim of this study was to compare the content of nickel in the saliva and dental biofi lm in young patients with and without orthodontic appliances. The possible infl uence of a dietary intake of nickel on recorded nickel levels was examined.
Introduction
Nickel is a strong sensitizer and one of the most common causes of contact allergies ( Nielsen and Menné, 1993 ) . Patients and parents therefore may express concern about possible leakage of metal ions from an orthodontic appliance.
In vitro release of nickel from orthodontic appliances has been noted using microscopic analysis of corrosion as well as chemical analyses of orthodontic components when exposed in an artifi cial oral environment ( Park and Shearer, 1983 ; Kratzenstein et al ., 1988; Grimsdottir et al ., 1992 ; Kerosuo et al ., 1995 ; Jia et al ., 1999 ) . When incubated in artifi cial saliva, orthodontic appliances of various types release 22 -40 μ g nickel per day, compared with the estimated dietary intake of between 100 and 800 μ g per day [International Programme on Chemical Safety (IPCS), 1991 ] . Release of nickel is reported to vary with composition and manufacturing of the appliance components ( Grimsdottir et al ., 1992 ) and between archwire alloys and mechanical straining ( Jia et al ., 1999 ) but not actual nickel content ( Grimsdottir et al ., 1992 ) .
Data from studies in vivo on nickel content in saliva as a result of insertion of orthodontic components are inconclusive ( Kocadereli et al ., 2000 ; Eliades et al., 2003 ) . Overall no difference has been demonstrated between individuals with or without orthodontic appliances, or between saliva collected before and after appliance insertion ( Gjerdet et al ., 1991 ; Kerosuo et al. , 1997 ; Agaoglu et al. , 2001 ). However, both Gjerdet et al. (1991) and Agaoglu et al . (2001) demonstrated a signifi cant, albeit inconsistent, difference during periods of orthodontic treatment. Furthermore, Kratzenstein et al . (1988) found nickel content in saliva from patients to vary between <0.001 and 0.19 μ g/ml during different phases of orthodontic treatment. Those investigators, however, concluded that dietary infl uences and variations in saliva fl ow and dilution may have biased their results. Bishara et al. (1993) reported elevated blood levels after insertion of orthodontic appliances, but concluded that contamination at sampling and diet were likely to explain the variations. Thus, the infl uence of orthodontic appliances on nickel content in saliva remains unclear.
The warm and moist aerobic condition in the mouth offers an aggressive environment for electrolytic and electrochemical activity. Because orthodontic appliances will render regular oral hygiene procedures more diffi cult, a dental biofi lm accumulates on appliance components and adjacent tooth surfaces in most patients (e.g. Lundström et al. , 1980 ; Hamp et al ., 1982 ) . The older and thicker the biofi lm growth, the greater the increase in the anaerobic conditions. This environment encourages the corrosion of metals ( Hamilton, 1998 ) . The anaerobic condition in older biofi lms may favour corrosion of the underlying nickel alloy, and changing microbial ecology and biological debris may also contribute. Furthermore, release of ionic nickel may not be linear, but may have an additive effect ( Eliades et al ., 2003 ) . Nickel released from an appliance may complex with older ions or glycoproteins in the dental biofi lm and thus accumulate.
Besides originating from orthodontic appliances, nickel may be accumulated from saliva and food. In individuals without orthodontic appliances, the nickel content in whole stimulated saliva has been reported to be 8.2 μ g/l ( Gjerdet et al ., 1991 ) , and in parotid saliva 1.9 ± 1.0 μ g/l ( Catalanatto and Sunderman, 1977 ) . Presumably, the nickel content in glandular saliva, like nickel in other body fl uids, is largely infl uenced by dietary intake. Absorbed dietary nickel will have an elimination half time of 28 -29 hours ( Sunderman et al ., 1989 ) .
The aim of this study was to compare the content of nickel in the saliva and the dental biofi lm in young patients with and without orthodontic appliances. The possible infl uence of dietary intake of nickel on recorded nickel levels was examined.
Study cohort
Healthy children and adolescents with an intra-oral fi xed orthodontic appliance in one or both arches who were scheduled for a routine check-up at the Department of Orthodontics, Dental School of Umeå, Sweden, were eligible for the test group. A control group without any type of metal appliance or restoration in the mouth was selected from patients referred to a dental hygienist at the Public Dental Health Service in Umeå for oral hygiene instruction. The exclusion criteria in both groups were (1) disease/ medication and (2) intraoral piercing/metal restorations.
As the presence of biofi lm was a necessity for sampling, individuals eligible for the test and control groups were screened visually before any treatment procedures were undertaken. Those who had visible biofi lm were given written information and asked if they would volunteer to undergo biofi lm and saliva sampling at the visit. For participation, written consent by the patient or parent was required. If requested within two days, the patients or their parents were allowed to have the collected samples destroyed. The samples were taken before and after noon, but dietary intake was not accepted within 1 hour before sampling.
In total, 14 boys and 10 girls, from 11.0 to 19.1 years (mean age 14.8 years), agreed to participate in the study. The average period since appliance insertion was 16 months at the time of sample collection. All patients were bonded with stainless steel brackets in one or both arches, and six (25 per cent) also had stainless steel orthodontic bands (Unitek/3M, Monrovia, California, USA) on their upper and lower fi rst molars. Eight patients (33 per cent) had a nickeltitanium alloy archwire (Nitinol© or NiTi© arch-wires) at the time of sampling, and the remaining 16 participants had stainless steel wires (archwires from Unitek/3M, and NiTi© from Ormco Corporation, Orange, California, USA).
Eleven boys and 13 girls aged 8.3 -18.9 years (mean age 14.8 years) agreed to participate in the control group.
Methods
A blank test of the collecting sticks and test tubes was undertaken by leaving them in a few millilitres of Millipore water for 1 hour and 24 hours, respectively, and by analysing the acidifi ed water for nickel content as described below. No nickel was found to have been released from these objects.
Saliva collection
The participants were asked to rinse their mouth for 30 seconds with 10 ml of distilled water and to rest for two minutes before saliva was collected. Approximately 2 ml of unstimulated whole saliva was collected into pre-weighed plastic polyprophylene tubes (ref. 62.554.502, lot 1127 1501, Sarstedt, Nümbrecht, Germany). The tubes and funnels had been tested to ensure that they were free of nickel, and talcum-free gloves were used when handling the tubes. The samples were stored at − 20°C for later analysis.
Plaque collection
Dental biofi lm was sampled with nickel-free plastic sticks (Quick-Stick, Dentonova AB, Stockholm, Sweden). The samples were transferred to pre-weighed nickel-free 1.5 ml polyprophylene tubes (ref. 72.690, control no. 0681 0222016, Sarstedt) . The wet weight of the sample was calculated, and the samples were stored at − 20°C until analysis.
For the orthodontic patients, separate biofi lm samples were taken, if feasible, from two sites: (1) metal surfaces of orthodontic molar bands or brackets, and (2) enamel surfaces without direct contact with the appliance. Sampling was not carried out where there was gingival bleeding. The mean amount of plaque sampled from the test and the control patients was approximately 2 μ g (range 0.1 -5.4).
Dietary history
In order to reveal recent extremes of nickel exposure from diet or smoking, the participants were asked to answer a questionnaire on food intake and smoking during the previous 48 hours. The patients reported on the type, frequency, and approximate amount (classifi ed by the participants as ' small ' , ' moderate ' or ' large ' ) of food and drink at and between meals. Based on reported intakes weighted for nickel content in various food/beverage items ( IPCS, 1991 ; Livsmedelsverket, 1997 ) , nickel intake was 294 estimated during specifi c time windows (0 -3, 4 -6, 7 -12, 13 -24 and 25 -48 hours) preceding saliva and biofi lm sampling. This allowed for ranking the participants into those with a low, moderate or high nickel intake as well as statistical testing for a possible relationship between nickel in saliva and plaque samples and food intake.
Nickel determinations
The biofi lm samples were diluted in water and acids (H 2 O: HNO 3 :HCl, 5:4:1), kept at 60°C for 4 hours to dissolve nickel before analysis, and stored overnight. The saliva samples were diluted with Millipore water and fi ltered through a 5 μ m white SMWP Millipore fi lter (Millipore Corporation, Bedford, Massachusetts, USA). Approximately 0.7 g of the saliva was acidifi ed in nitric acid. The fi lter and its retained fractions were dried at room temperature overnight, weighted, and dissolved by heating in nitric and hydrochloric acids (HNO 3 :HCl, 4:1). If necessary the samples were diluted in 1 per cent nitric acid before analysis.
Nickel content was determined using electrothermal atomic absorption spectrometry (ETAAS) with a transverse heated electrothermal atomizer (THGA) with longitudinal Zeeman effect background correction (Perkin-Elmer Model 4100 ZL, Perker-Elmer GmhB, Überlingen, Germany). All manipulations during sample pre-treatment were performed in a laminar fl ow clean bench (class 100 working environment). A more detailed description of these procedures has been published ( Slanina et al. , 1985 ) . All nickel determinations were performed at the Department of Analytical Chemistry, Umeå University. Calibration curves from acidifi ed water standards were normally used as standard addition showed 100 per cent recovery. The detection limit of the method for unfi ltered samples, based on ×3 the standard deviation for nickel concentrations in blank solutions, was 0.001 -0.002 μ g/g. For biofi lm samples the detection limit was typically ×5 higher due to increased blank concentrations.
Pilot study
Data on nickel in dental biofi lm for a pilot test and a control group where the methods given above were used is also reported. Samples of biofi lm were taken from 14 patients under orthodontic treatment who apparently neglected their oral hygiene. These participants were all under treatment with a full-bonded appliance and had a mean age of 16.2 years (range 10.3 -23.4) at sample collection. Control samples were taken from 14 patients without an appliance visiting a dental hygienist as described above (mean age of 13.8 years, range 7.3 -19.2). Procedures for collecting biofi lm were identical to those described above.
Statistical analysis
The distributions of nickel content in the saliva and biofi lm were skewed. Thus median and range values are given and non-parametric tests were applied. The Mann -Whitney two-sample test was used to assess differences in saliva and biofi lm nickel content between the test and control groups. The Wilcoxon signed rank test was used to determine differences in biofi lm nickel content within surfaces of orthodontically treated individuals. A multiple regression model was used to test for associations between the dependent (i.e. saliva, plaque) and independent (age, gender, diet) variables. Statistical analysis was undertaken using SPSS v. 11.5 statistical package (Statistical Package for the Social Sciences, SPSS Inc., Chicago, Illinois, USA). P < 0.05 was considered signifi cant.
Ethic approval
The study was approved by the committee on research ethics at Umeå University ( §109/02, 02 091).
Results
The nickel content in fi ltered saliva was very low (< 0.08 μ g/g) in both the test and control groups ( Table 1 ) . However, the content of nickel in the saliva ' debris ' retained on the fi lters, which was 1000-fold higher than in the saliva fi ltrate, was signifi cantly higher ( P < 0.01) in orthodontic patients compared with the controls.
A large variation in saliva nickel content in both groups ( Figure 1 ), but no association with estimated nickel exposure from diet for the group or for outliers in the fi ltered saliva sample.
Individuals with orthodontic appliances also had a signifi cantly higher nickel content in the dental plaque samples compared with the controls regardless of whether samples were harvested from tooth surfaces in close proximity to ( P < 0.001) or further away from the orthodontic appliance ( P < 0.05; Table 2 ). Nickel content in samples from orthodontic patients was ×2 higher in biofi lms covering metal surfaces than distant enamel surfaces ( Table 2 ). In line with this, plaque from metal surfaces showed a higher median nickel content than that collected from enamel surfaces at a distance from a metal-covered tooth surface ( n = 18; P = 0.014). When limiting such an analysis to an intra-individual comparison of metal-covered and enamel surfaces in orthodontic patients, a signifi cant difference was still found ( n = 12; P = 0.007). Comparison of nickel in the test and control groups from the pilot study also showed a signifi cantly higher nickel content in the biofi lm of orthodontic patients (P = 0.007; Table 3 ). Notably, the nickel levels in the pilot study, where the biofi lm was more mature, were on average more than ×2 higher per weight unit in both patients and controls compared with the main study.
Nickel content in saliva fi ltrate, saliva debris retained on the fi lter, or in biofi lm samples was unrelated to estimated exposure from diet during the previous 48 hours. None of the participants admitted in the questionnaire to being a smoker.
Discussion
Nickel content in fi ltered saliva was found to be low and close to detection level, and without a difference between patients and their controls. In contrast, a higher nickel content in the dental plaque as well as in the fi lter-retained fraction of saliva was found in patients with orthodontic appliances compared with their non-appliance controls. These observations in vivo are thus in line with several reports from in vitro corrosion studies (e.g. Park and Shearer, 1983 ; Jia et al. , 1999 ) in which a release of nickel from orthodontic appliances has been demonstrated. Recently, the presence of nickel and cobalt has been demonstrated in oral mucosa cells of orthodontics patients ( Faccioni et al ., 2003 ) .
A signifi cantly higher nickel content was found in the intra-individual comparison of plaque taken from metal surfaces (band and brackets) than from enamel surfaces in subjects with an appliance. The oral plaque composition of micro-organisms and biological debris may be a further local environmental factor favouring corrosion of the underlying nickel alloy in the corrosion-aggressive oral environment. Because a greater ion release from orthodontic brackets has been found at a lower pH ( Huang et al ., 2001 ), a direct nickel release by the acidogenic plaque on metal surfaces is likely when plaque responds to pH changes in the oral cavity; the amount of this release could be greater because it is unclear whether salivary buffering substances will signifi cantly infl uence pH changes in the depth of the plaque ( Tenovuo and Lagerlöf, 1994 ) .
In contrast to earlier negative reports of nickel in saliva of orthodontic patients, the results of the present study demonstrated nickel in the fi lter-retained fraction of whole unstimulated saliva. In addition to being incorporated into dental plaque, nickel released from dental alloys is likely to be, at least temporarily, attached to epithelial cells of the mucosa, to bacteria, and to large salivary macromolecules, all of which are normally present in whole saliva. Unlike earlier studies, in the present investigation the saliva was fi ltered because it was found that digestion at an elevated temperature in the presence of acids was insuffi cient to provide a homogenous solution with respect to nickel. Because of the fi lter size (5 μ m), the fi lter-retained fraction of the sampled saliva is supposed to contain nickel in mucosal debris of sloughed cells with attached large proteins and bacteria or possibly aggregates of micro-organisms. This aggregation of nickel in ' salivary sediment ' may explain the fi nding of a high nickel content in the fi lterretained components of saliva, as well as earlier attempts (e.g. Bishara et al ., 1993 ) to explain large inter-individual variations in salivary nickel.
Collection of saliva in previous studies of nickel has mainly been carried out two or more hours following food intake to standardize fl ow rate and to avoid an infl uence on nickel content by diet. If occurring, nickel release by corrosion into the saliva is more likely to take place shortly after a meal due to the sharp fall in pH within minutes, which is in general not normalized until 30 -60 minutes after intake ( Nyvad and Fejerskov, 1994 ) . This further supports the supposition and fi ndings that released nickel will not be found to any major extent in fi ltered saliva but in the plaque and salivary sediment. As has been found for fl uorides following oral rinsing ( Tatevossian, 1990 ; Larsen and Bruun, 1994 ) , the results of the present study show that it is likely that nickel released into the saliva will aggregate in plaque.
The demonstration of nickel in the fi lter-retained fraction of whole saliva and in the dental plaque may thus refl ect the dynamics of nickel release from the appliances into the oral cavity with an aggregation over time of nickel from the saliva in the plaque. As a comparison, fl uoride levels in plaque are stated to be usually ×50 -200 higher than in whole saliva ( Larsen and Bruun, 1994 ) . Because older plaque characterized the test pilot sample, the test data with its higher nickel content is reported ( Table 3 ) to support the supposition of nickel aggregation in the plaque.
An individual variation in newly secreted salivary nickel is to be expected because serum nickel is infl uenced by food, tobacco smoking, and nickel in air and water ( IPCS, 1991 ) . The release of nickel ions into the saliva by corrosion is also likely to vary over time, depending on factors shown to infl uence ion release, such as mechanical stress in the appliance ( Jia et al ., 1999 ) and pH levels ( Huang et al ., 2001 ) . Large variations in nickel content of saliva have been found in earlier studies of orthodontic patients. Kerosuo et al . (1997) noted differences from 0 to 240 μ g/ml and a variation, although smaller, was also found in the present samples. As pointed out by Kerosuo et al . (1997) as well as Eliades et al . (2003) , the sampling methods used in studies of salivary nickel in orthodontic patients are so far limited to describing the momentary total concentration of nickel in the saliva following wetting of teeth and oral mucous membranes after secretion, as in the present study. The elimination half-time into urine for both nickel absorbed from drinking water and food has been given as 28 ± 9 hours ( Niebor et al ., 1992 ) . Even if a more detailed 48-hour report on diet had been used, only a rough assessment of nickel exposure from diet could have been made due to the limited information available on nickel content in various food ( IPCS, 1991 ; Livsmedelsverket, 1997 ) . Because no infl uence of calculated dietary nickel intake could be demonstrated on nickel content of saliva and plaque for any of the examined time periods, it was concluded that the outcomes of differences in salivary nickel between the groups were not explained by differences in dietary intake.
Nickel in saliva and plaque may be released, besides by corrosion of the appliance, by abrasion during fabrication or later by chewing. The polished surfaces of new orthodontic appliance components will show metal particles, which are likely to be found in saliva of recently banded/bonded patients. The insoluble precipitate, causing large variations of the results and therefore not included in the fi nal analyses by Kerosuo et al . (1997) and Agaoglu et al . (2001) , may have to some extent included metal particles from polished surfaces of new appliances, a condition that suggests a need for analyses of essentially ' aged ' appliances as in the present investigation. Whether nickel found in the current research originates from the appliances by abrasion during normal mastication has to be clarifi ed in future studies.
Although nickel is a strong sensitizer in contact allergy development ( Nielsen and Menné, 1993 ) adverse reactions related to orthodontic appliances are rare (e.g. Schuster et al ., 2004 ) . This could be explained by a possible tolerance development by early intraoral exposure to nickel, which * Number of subjects varies depending on availability of plaque at collection sites. P -value for a difference between metal and enamel surfaces in patients: P = 0.014. has been hypothesized and given some support by experimental data ( Vreeburg et al ., 1984 ; Kerosuo et al ., 1997 ) . The present demonstration of nickel release from orthodontic appliances, in contrast to earlier mentioned inconclusive in vivo investigations, can be seen in such a context, stressing the need for further studies of oral exposure to nickel and the nature of nickel in plaque.
Conclusion
A signifi cantly higher content of nickel was found in the plaque and the fi lter-retained fraction of whole saliva of patients with orthodontic appliances compared with nonorthodontic patients. Moreover, in orthodontic patients, a signifi cantly higher nickel content was found in plaque from metal surfaces (band and brackets) than from enamel surfaces. This value appears to increase with the age of the biofi lm. An infl uence on the outcome of dietary intake of nickel by meals was rejected. The fi ndings are considered to refl ect a time dependence of nickel release from orthodontic appliances into the oral cavity with an accumulation of nickel in the dental biofi lm.
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